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Abstract 
This paper presents a model for calculating target luminance, luminance distributions in evacuees’ view and visibility of signs in a space 
with a smoke layer in fire. First, a smoke adhesion to a target exposed to smoke is investigated as a basis to establish a model for 
predicting target luminance in fire smoke. The model is validated by conducting a photometrical experiment using real-scale room filled 
with smoke. Finally, the model is applied to the prediction of the luminance distributions in evacuee’s view and example results are 
demonstrated for a case assuming an ordinary office space. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature 
Cs optical smoke density (1/m)   Greek 
D  distance between evacuee’s eye and target (m)  adhesion coefficient (m/s) 
E illuminance (lx)      reflectance 
F luminous flux (lm)     
transmittance 
k scattering ratio   attenuation ratio caused by smoke adhesion 
L luminance (cd/m2)    , 	 direction angles between evacuee’s eye and target 
Subscripts 
a  smoke adhesion 
e initial condition before smoke adhesion 
1. Introduction 
For assisting evacuees in case of fire to quickly find exits, fire safety codes of buildings generally require to provide exit 
signs in buildings. However, it is not clear if such provisions are sufficiently effective for evacuees’ way finding in actual 
fire situations where smoke may obscure the visibility of exit signs. Jin [1] established a famous relationship between 
visibility of exit signs and optical smoke density. However, adequacy of exit sign planning should be assessed considering 
the transient conditions of smoke filling, e.g., optical density and height of smoke layer in a space of evacuation. Exit signs 
are usually placed at upper parts on walls and exit doors so that they can be obscured from early stages of the smoke filling 
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in such spaces. For assessing the effectiveness of exit sign provisions under realistic fire environment, it is desirable to 
develop a calculation model for target luminance level and incorporate it into a two layer zone model.  
A simplified calculating model for optical transmission luminance through scattering medium was proposed by Matsuura 
et al. [2, 3], but it did not deal with smoke adhesion which usually occurs in fire. This paper proposes a model for target 
luminance using the equation previously established by Akizuki [4] to predict smoke adhesion to objects’ surfaces. The 
accuracy of the model is validated by conducting a photometrical experiment, and the model is applied to an example space 
with smoke filling to demonstrate the luminance distribution of evacuees’ view. 
2. Prediction model of target luminance in fire smoke by taking into consideration the smoke adhesion 
2.1. Treatment of scattering characteristic of smoke particles 
The optical transmission has been researched not just for visibility in smoke of fire, but for visibility in fog and for 
scattering characteristic in the air in general [5-8]. It is well known that the scattering characteristics in the air differ 
depending on size of particle: isotropic scattering in case of extremely small particles, Rayleigh scattering in case of bigger 
particles like air aerosol, and moving directionally. Larger particles generate Mie scattering [9]. Jin [10] measured the 
scattering properties by the smoke particles from smoldering and flaming fire using a light microscope, and found that the 
particles show a variety of scattering, from Isotropic scattering to Mie scattering, depending on the amount of air and fuel 
provided. This means that smoke in fire may contain many different sizes of particles, from small one like fine aqueous 
droplet to big one like soot. In the field of theoretical models for visibility, Haukur [11] and Kai [12] researched on the 
prediction of visibility in smoke using CFD but they neither treat the scattering values nor the effects of smoke adhesion.  
This study aims to construct a simplified method for predicting target luminance under transient smoke conditions in fire. 
We construct the basic equations simplifying the basic transmission equation assuming Isotropic scattering. 
2.2. Prediction model of target luminance in fire smoke by taking into consideration the smoke adhesion 
Matsuura [2, 3] developed the basic model for optical transmission in scattering and absorbing medium rearranging and 
approximating Chandrasekhar’s Equations [13] as Equation (1), leaving scattering factor k at optical smoke density Cs [1/m] 
as a variable. 
( , ) ( , ) ( , )( ; , ) ( ; , ) (1 )s s sC D x v C D x v C D x vd i cL v L x e L e kL e   
  = + +                     (1) 
where Ld(x; , ) [cd/m2] is the luminance at an arbitrary point x on evacuation sign, L(v; , ) [cd/m2] is the luminance that 
reaches to position of evacuee’ eye, (, ) is the direction angle between sign (x) and evacuee’s eye (v), D(x, v) is the 
distance between x and v, Li is the reflected luminance from wall surface, Lc is the luminance of scattering medium, and the 
scattering coefficient k is defined as the ratio of scattering to the optical smoke density Cs (k=s/Cs and Cs= s+ab. s is 
scattering coefficient and ab is absorption coefficient). Jin [14] measured the scattering ratio k of various types of smoke, 
and obtained the value as follows:  
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Fig. 1. Target luminance of evacuee view in smoke. 
Considering the transient nature of fire behaviour and the level of accuracy of smoke transport simulation, it is 
considered to be appropriate to assume isotropic and uniform scattering by smoke particles. Then, the reflected luminance of 
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wall surface Li [cd/m2] and the luminance of scattering medium Lc [cd/m2] in Equation (1) can be merged into Lsmoke [cd/m2] 
without causing significant problem. 
For a smoke filling environment, we have to consider the decrease of target luminance by the adhesion of smoke to the 
target and the scattering and attenuation of the transmission of light in the smoke layer (see Fig. 1). Therefore, the target 
luminance in fire smoke viewed from an evacuee’s eye is given as follows [3]:  
( ) ( )1s sC D C DD a e e a e smoke smokeL L L e L k e   = + +                   (3) 
where the first term in the right hand side of Equation (3) is the direct luminance from the target to the observation point, 
which is attenuated during the travel in the smoke. The second term is the total scattering luminance, where Lsmoke is the 
scattering luminance, for which it is assumed that the luminous flux that is reflected on smoke particles in the smoke layer 
scatter evenly regardless of position and direction. Equation (3) includes light source luminance Le [cd/m2] and initial 
transmittance e and reflectance e of the signage panel since the configuration of standard emergency signs containing light 
source is assumed but Equation (3) can be applied extended to reflective signs as well. Subscript “a” at the left of 
transmittance and reflectance means smoke adhesion. The smoke adhered transmittance ae can be interpreted as the ratio of 
the area without smoke deposition to the total area of the object, i.e.  
( )(1 ) 1a e e e sC dt    =  =            (4) 
where e, is the initial transmittance before smoke adhesion, Cs is the optical smoke density [1/m] and t is its exposure time 
[s], , is the attenuation ratio caused by smoke adhesion and adhesion coefficient  is used in Equation (4). The value of  is 
taken to be 0 for smoldering smoke (fire source is cotton wicks and the colour is white), and 0.0007 [4] for flaming smoke 
(kerosene and soft-polyurethane, black). The smoke adhered reflectance ae of a target can be calculated by Equation (5), 
using initial reflectance of the target, e, and particle reflectance smoke. 
 ( )(1 ) a e smoke e e e smoke sC dt        = +  =       (5) 
When the area of light sources is very small compared with room’s area, Equation (6), calculation equation for Li [cd/m2] 
by Matsuura [2, 3], is applied as below. Equation (6) indicates that Lsmoke can be calculated by room’s average reflectance 
m  , luminous flux Fm [lm] of light source and room’s area Am [m
2].  
 m msmoke i
m
FL L
A



	
= =
	
      (6) 
3. Verification of the prediction model  
3.1. Experimental overview 
We measured light intensities in a darkroom under various Cs to examine the validity of the prediction model. The 
experimental setup in the darkened room is shown in Fig. 2. The size of the darkened test room was 7.5 m wide, 10.0 m long 
and 4.0 m high, and the reflectance of its surface was 0.038. The luminous target is a luminous circle opening of 14 cm in 
diameter in the surface of an integrating sphere with a diameter of 0.5 m. The center of the luminous circle was located at 
1.35 m above the room floor in the center of the room. Interior surface of the integrating surface is lighted by an 
incandescent lamp (100 W, 1500 lm) and diffused completely to allow the light emitted from the luminous circle of the 
target to be completely diffusive. All luminance meters (Konica Minolta, LS-110) were arranged at 1.0 m from the center of 
the target luminance circle with different horizontal and vertical angles to the center line of the luminance circle, ( ,  ), i.e., 
(0, 0), (75, 0) and (45, 30) in degree. In addition, one illuminance meter (Konica Minolta T-10) was arranged at the same 
position as the luminance meter (0, 0), and another illuminance meter on the floor just below the target. 
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Fig. 2. The deployment of the experimental equipments in the darkened laboratory. 
The smoke in the room was stirred all times by a fan to maintain uniform distribution of the optical smoke density Cs, 
which was measured by four smoke density meters at both sides of the target and two different heights. The results of these 
smoke density meters were almost the same, so we regarded the average as the representative Cs data. We used two kinds of 
smoke in the experiments; one is the black smoke generated by smoke candles (Koa-Kako SL-135B, whose major 
components are Hexachloroethane, Anthracene and Magnesium coating) as a substitute of smoke from flaming fire. The 
other is the white smoke by cotton wicks as a substitute of smoke from smoldering fire. As for the smoke adhesion 
coefficient,  , it was found that  =0 for white smoke (cotton wicks), and  =0.000036 for black smoke (smoke candle) [4]. 
In the experiment, we first filled the room with smoke until the Cs reached the maximum density. Then we measured the 
light intensity and Cs continuously, while the smoke was diluted gradually till Cs=0 by a mechanical ventilation. We had 
only two luminance meters and could not measure three directions of luminance at once. Therefore we conducted two 
experiments for measuring three directions of luminance; the one treated two directions of (0, 0) and (75, 0) in degree, and 
the other treated (0, 0) and (45, 30).  
3.2. Change with time of light intensity and optical smoke density  
Figures 3 and 4 show the changes with time of light intensity and optical smoke density for white and black smoke, 
respectively. While the black smoke filled in the room quickly and the Cs value reached as high as 4.35 1/m the white smoke 
took more time to fill and the Cs value reached only to 1.88 1/m. As the Cs values decreased due to the ventilation, the target 
luminance increased indifferent of smoke color (black or white). The vertical front illuminance, facing to the luminous 
target, and the horizontal floor illuminance for black smoke quickly recovered as Cs value decreased. On the other hand, the 
value for white smoke did not change remarkably despite of the significant decrease of the Cs value. The difference is 
considered to be attributed to the scattering by white smoke particles. 
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Fig. 3. Change with time of light intensity and optical smoke density (black smoke). 
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Fig. 4. Change with time of light intensity and optical smoke density (white smoke). 
3.3. Verification of scattering ratio k of optical smoke density 
If Cs distribution is uniform in the room, the total light intensity of scattering by smoke can be measured by the 
illuminance meters located right at the front (0, 0) in degree and on the floor, right below the luminous target. The 
relationships between illuminance and Cs for obtaining the scattering ratio k for two different smokes are shown in Fig. 5. 
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Fig.5. The relationship between illuminance and Cs. 
    In the case of white smoke from cotton wick, the illuminance is constant despite the increase of Cs, which implies that Cs 
of white smoke consists of only scattering component (k=1.0). In the case of black smoke from smoke candle, the 
illuminance decreases with the increase of Cs. It is seen that the relationship between Cs and logeEblack is linear, i.e.: 
loge black sE a C b= × +                                   (7) 
The coefficient of Equation (7) is almost 0.5 in both of the front illuminance and the floor illuminance, which shows that 
the optical smoke density Cs of black smoke evenly consists of scattering and absorption, i.e. k=0.5. The front illuminance is 
higher than the floor illuminance because of the difference in incident luminous flux but the relative relationship between 
illuminance and Cs and the k values are the same regardless the difference in illuminance. These results are consistent with 
Jin’s report [10].  
 
3.4. Effects of measurement angle 
Figure 6 compares the results of the luminance measured simultaneously at different positions, for both black and white 
smoke. The comparison between the luminance and Cs at different positions shows that the relationship is almost the same 
indifferent of the location of measurement in each of black and white smoke cases. Therefore, it is considered to be 
reasonable to assume Isotropic scattering for both of black and white smoke.  
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Fig. 6. Effects of measurement angle. 
3.5. Validation of the prediction model for target luminance in fire smoke incorporating smoke adhesion 
The prediction equation of target luminance with consideration of smoke adhesion is validated by the following 
procedure. In the experiment, while there is smoke deposition to the lens of luminance meters, there is no smoke deposition 
to the target since it is a light-emitting open hole in an integrating sphere, i.e., the transmittance e is 1 and the reflectance e 
is 0. The integrating sphere and the point of the light source are designed not for smoke particle to come inside. So 
Equations (3), (4) and (5) are reduced to Equation (8), which represents our experiment conditions. 
( ) ( )1 1s sC D C DD s e smokeL C dt L e L k e  =  +       (8) 
where the distance between the luminous target and a luminance meter D=1 m Le is the luminance under the condition of 
Cs=0. Substituting the scattering ratio k=0.5 for black smoke, and k=1.0 for white smoke into Equation (8) yields the 
adhesion coefficient  =0.000036 for black smoke, and =0 for white smoke. The light source in the room is only the 
luminous target in this experiment, so we can calculate Lsmoke by using Equation (8) to obtain Lsmoke =0.0626. When these 
values are substituted into Equations (8), the predicted values of luminance LD are determined.  
The relationships between the observed and the predicted target luminance are shown in Fig. 7. The determination 
coefficient R2 is shown in the figures. In the case of black smoke, the predicted target luminance is close to the observed 
value when the luminance is high. However the predicted value is higher than the observed value when Cs is high and the 
luminance value is low. In the case of white smoke, the predicted value is also close to the observed when the luminance 
value is high, while the predicted value is lower than the observed value when Cs is high and the luminance value is low. 
Therefore we can assess that the prediction model for target luminance in fire smoke, incorporating smoke adhesion, can be 
applied within an acceptable margin of error, especially in the case of dense smoke with high Cs. Overall, the values of the 
determination coefficient are very high, so this model can be applied to predict visibility in case of fire. 
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Fig. 7. The relationship between the observed target luminance and the predicted one. 
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4. Description of luminance distribution of evacuees view taking into account the smoke adhesion 
The luminance distribution of evacuees’ view in fire situation can be obtained by calculating smoke state, which varies 
with time and corresponding luminance in evacuee’s view at each point of evacuation. At first we predict changes of smoke 
layer in the fire room by Two Layer Zone Model BRI2002 [14] and examine how luminance distributes, including the 
luminance of evacuation signs. 
4.1. Assumed conditions 
We apply this optical model to an example case of a common office room, which is illustrated in Fig. 8. The area of this 
room is 15 m×15 m and the ceiling height is 3.5 m. The reflectance of ceiling, wall and floor are 0.8, 0.6 and 0.5, 
respectively. In order to see how the luminance distribution of evacuees’ view changes according to the descent of smoke 
clearly, six emergency exit sign lightings are placed at every 0.5 m interval in height, from 0.5 m to 3.0 m above the floor. 
The emergency exit sign lightings is Model B-BH (211 mm by 612 mm). The light source luminance is 600 cd/m2 and its 
luminous flux is 150 lm. It is assumed that in fire situation, all the lights on the ceiling are put off, but the emergency exit 
sign lightings is on. 
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Fig. 8. Assumed conditions. 
A wood base fuel which emits black smoke at flaming fire is assumed. The smoke release rate per unit fuel mass s is 210 
m2/kg [15] and the heat of combustion per unit fuel mass H is about 16000 kJ/kg. As for smoke adhesion rate , we use 
the value of kerosene, i.e., =0.0007 m/s, because the above study for adhesion coefficient did not includes wood as a fire 
source. We assumed the reflectance of smoke particlessmoke is 0.1, the fire growth rate  [kW/s2] is 0.0125.  
The observer stands, facing to the evacuation signs on the wall at 5.0 m distant from the wall and at 1.5 m above the floor. 
The visual field of the observer is set up in accordance with usual high-vision images with aspect ratio (9:16). This 
corresponds to the area viewable by eye movement only (about 90 degrees vertically and about 120 degrees horizontally). 
The visual field is divided into 18 x 32 meshes in distance calculation.  
The prediction is carried out for two cases, with and without smoke venting, to assess the efficiency of the smoke control. 
In Case 1, there is a smoke vent in the ceiling in addition to a door and, while in Case 2, there is only a door for smoke 
venting. The size of the door is 1.0 m wide and 2.0 m high and the area of the smoke vent in ceiling is 1.0 m2. 
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(9-1) Heat release rate and smoke layer’s temperature             (9-2) Smoke layer height and smoke optical density 
Fig. 9. Fire situation. 
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4.2. Fire situation 
Figure 9-1 shows the prescribed heat release rate and the predicted smoke layer’s temperature, and Fig. 9-2 shows the 
smoke layer height and smoke optical density. The difference of the smoke layer heights between the two cases is notable, 
while difference of temperature is insignificant. In Case 1, the smoke layer height does not reach 1.5 m, which is about the 
height of evacuee’s eye, while the smoke layer in Case 2 descends below 1.0 m at 360 s after the ignition.  
4.3. Luminance distribution of the evacuees’ view 
Figure 10 shows the predicted change of luminance of each sign, placed at different height, for Case 1 and Case 2, 
respectively. In Case 1, the signs below 1.5 m keep luminance intact, since they are always below the smoke layer, while the 
other signs above 1.5 m lose luminance as time passes. In Case 2, all the signs eventually lose luminance. The luminance of 
upper three signs above 1.5 m starts to gradually attenuate after the sign is involved in the smoke layer. On the other hand, 
the other signs at 1.5 m or lower decrease sharply in luminance when the smoke layer descends below 1.5 m. In both cases, 
the luminance decreases rapidly after 480 s from fire ignition because of high smoke optical density and smoke deposition. 
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Fig. 10. The predicted change of luminance of each sign at different heights. 
         
(11-1) initial luminance distribution                           (11-2) Case 2, smoke layer height=2.4 m, 150 s 
          
(11-3) Case 1, smoke layer height=1.9 m, 300 s           (11-4) Case 2, smoke layer height=1.3 m, 300 s 
Fig. 11. The luminance distribution of the view of the evacuee. 
Figure 11 shows the luminance distribution in the view of the evacuee. Fig. 11-1 shows the initial luminance distribution 
in the room, which is expressed in common logarithmic scale, and the colors of each pixel are based on 256 graduations of 
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gray scale tone. Fig. 11-2 and Fig. 11-4 are the luminance distributions of Case 2 at 150 s and 300 s after fire ignition, 
respectively. Fig. 11-2 shows the luminance distribution at 150 s, where the upper two signs decrease the luminance, but as 
a whole considerable visibility is still maintained. On the other hand, at 300 s in Case 2 shown in Fig. 11-4, not only the 
signs are hardly recognized, but the surroundings become dark together. Fig. 11-3 shows the luminance distribution of Case 
1 at 300 s, where the exit signs can be more recognizable than in Case 2.  
At 300 seconds after ignition, smoke layer height in Case 1 is still about 1.9 m, which is higher than the layer height 
criterion for tenability in Japanese performance–based evacuation safety verification method, but the signs above 1.9 m are 
covered with smoke so have become invisible for evacuees.  
4.4. Relationship between sign height and the duration of initial luminance 
In evacuation planning, we need to keep enough sign luminance during the whole evacuation period, taking into account 
of some delay time before the start of evacuation, so that the sign can be easily recognized by occupants. 
 The time during which the initially designed luminance of signs (600 cd/m2 ) and the required luminance (100 cd/m2 in 
this paper) are maintained are compared in Fig. 12 based on the results of Fig. 10. Fig. 12-1 (Case 1) shows the time that the 
luminance of the upper three signs is maintained, and Fig. 12-2 (Case 2) shows the time that the luminance of all signs’ are 
maintained. The difference in the times of luminance maintaining time between Case 1 and 2 is obvious. In each case, the 
time for keeping minimum required luminance is longer than the time for keeping initial designed luminance, but the time is 
always longer in Case 1 than in Case 2. Evacuation signs are usually placed above 2.0 m but our results suggest signs placed 
at higher places may not be able to maintain required luminance long enough. As long as the results in this study suggest, 
the risk for evacuation is higher when the signs are placed at high positions than when they are placed at lower positions. 
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Fig. 12. Relationship between sign height and duration of initial luminance. 
5. Conclusions 
In this paper, we proposed a model for calculating target luminance incorporating smoke particle adhesion, and 
constructed a model for luminance distribution in fire at smoke filling stage combining Two Layer Zone Model and optical 
transmission model.  
Firstly, we incorporate smoke adhesion factor into the basic approximation equations of optical transmission by 
Matsuura, to construct a model for calculating target luminance for smoke filling situation. We then conducted a 
photometrical experiment using real-scale space filled with smoke to validate the prediction equation. Also we demonstrated 
the luminance distribution of evacuees’ view in a typical case of office space. The results suggest that signs placed on upper 
positions are covered by smoke and may become invisible for evacuees. Currently, the Japanese Verification Methods for 
Safe Evacuation has set out the critical smoke layer height for safe evacuation at 1.8m above floor. However, exit signs can 
become invisible long before the smoke layer descends to the critical height. 
The findings in this paper are considered to be useful in evaluating the visibility of exit lights and signs based upon three 
basic factors for calculating visibility (luminance, contrast and size) with smoke adhesion considered. They are also 
potentially useful in constructing a model for predicting visibility in transient smoke movement situation. However, the 
conditions in the experiment in this study are simpler than in real cases (e.g. uniform floor reflectance, no light source in 
closed space except six emergency exit signs on the front wall), so further study required before the model can be 
practically applied. But it is an important first step that the model in this study considered smoke adhesion in the prediction 
of luminance distribution in an evacuation space. 
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